Abstract A numerical investigation is conducted to explore the evolution of a plasma discharge and its interaction with the fluid flow based on a self-consistent fluid model which couples the discharge dynamics with the fluid dynamics. The effects of the applied voltage on the distribution of velocity and temperature in initially static air are parametrically studied. Furthermore, the spatial structure of plasma discharge and the resulting force contours in streamwise and normal directions are discussed in detail. The result shows that the plasma actuator produces a net force that should always be directed away from the exposed electrode, which results in an ionic wind pushing particles into a jet downstream of the actuator. When the energy added by the plasma is taken into account, the ambient air temperature is increased slightly around the electrode, but the velocity is almost not affected. Therefore it is unlikely that the induced flow is buoyancy driven. For the operating voltages considered in this paper, the maximum induced velocity is found to follow a power law, i.e., it is proportional to the applied voltage to the 3.5 power. This promises an efficient application in the flow control with plasma actuators.
Introduction
In the past years, an interest in dielectric barrier discharge (DBD) plasma actuators for flow control has continued to grow [1, 2] . And this growth in study comes from their demonstrated ability and potential applications [3] . They are all-electric devices with very low mass, need low input power, have no need of moving parts, respond quickly and can be easily simulated with different numerical solvers.
In Fig. 1 , an example of the asymmetric actuator is shown schematically. This configuration consists of two electrodes. One is exposed to the air while the other is encapsulated by dielectric material. Surface plasma is created when sufficient voltage is applied between the electrodes to ionize the surrounding air. Then the momentum is transferred from the plasma discharge to the ambient air because of the collision between the ions and the ambient air (no ionized, neutrally charged), which results in an induced flow away from the exposed electrode, directed to the downstream [4] . The discharge particles are the intermediary dominating the mechanically coupling processes between air and plasma. Thus it is significant to uncover the underlying comprehensive mechanism to have a better application of the plasma actuator. Experimental works on the DBD actuators have been undertaken in various ways, and significant and impressive results have been obtained. Benard et al. [5] conducted an experiment to study the influence of the ambient air pressure on the electric wind produced, and the results indicated the effectiveness of DBD at low pressure. Opaits et al. [6] investigated a flow induced in initially quiescent room air by a single asymmetric dielectric barrier discharge driven by repetitive * supported by the Foundation for Innovative Research Groups of National Natural Science Foundation of China (No. 51121004) and National Natural Science Foundation of China (No. 50976026) nanosecond high-voltage pulses superimposed on DC, alternating sinusoidal and square-wave bias voltages. Corke [7] , Post [8] , Enole, Mclaughlin, et al. [9, 10] have demonstrated the ability of a DBD plasma actuator for flow control, but the understanding of the fundamental physical mechanism underlying these operations is still incomplete.
In order to improve the performance of the DBD plasma actuator for flow control, considerable efforts have been made for the development of computational capabilities to understand and model the dynamic process of air ionization.
A one-dimensional model for the DBD plasma actuator was proposed by Massines et al. [11, 12] based on the numerical solution of the electron and ion continuity and momentum transfer equations coupled to the Poisson equation. Roth et al. [13] developed a model for the body force produced by the plasma in ambient air. In his model, the body force F b (Eq. (1)) was proportional to the gradient of the squared electric field but did not account for the presence of the plasma [14] . (Eelectrical field strength, ε 0 -permittivity of free space)
A model for the time-averaged body force F tave (Eq. (2)) was given by Shyy et al [15] .
where ϑ is the frequency of the applied voltage, α is the factor for the collision efficiency, ρ c is the charge density, e c is the charge of an electron, ∆t is the time during which the plasma is formed and δ is the Dirac delta function. In this model, it was assumed that the electric field strength E decreases linearly from the exposed electrode towards the encapsulated electrode. However, the result measured by Orlov [16] shows that the electric field strength decays exponentially in space. Another simplified model proposed by Suzen et al. [17] was to describe the manner in which the plasma actuator acts on air. In their study, the electrostatic equations could be split into two parts: one is caused by the external electric field and the other stems from the charged particles. It was proved by Orlov [18] to be unnecessarily complicated as the electric fields can be superimposed. These simplified models offer an efficient way to link plasma dynamic simulations to fluid dynamics. But the necessary insight towards understanding the fundamental physical mechanism can't be sufficiently addressed by these approaches.
Models have been developed for DBD plasma actuators in air which are considered very complicated chemistry with 20-39 reaction equations involved. Different reaction times and energy outputs could be obtained in each equation. Mario [19] and Alexandre [20] developed a self-consistent fluid model which considered N , and electrons for the uniform glow plasma discharge at atmospheric pressure in a two-dimensional plasma actuator. This model can help to clarify the physics and chemistry involved in the plasma actuation. However in the other models, the chemical reactions are not included and air is regarded as a mixture of ions, electrons and neutral molecules. A detailed physical model for asymmetric dielectric barrier discharge in air was developed by Likhanskii et al [21] . The weakly ionized air plasma was described as a four-fluid mixture consisting of electrons, positive and negative ions and neutrals. The results indicated the importance of the presence of negative ions in the air for understanding DBD physics. Boeuf and Pitchford [22] considered the collisional discharges with two charged species-electrons and a positive ion to provide a simple basis for understanding the mechanism of the force acting on the flow. In general, all the processes involved can be precisely described by the charged particle models [23, 24] in the plasma discharge.
In this study, a model coupling the discharge dynamics with the fluid dynamics arising from plasma chemistry and spatial treatment is developed to explore the evolution of the plasma discharge and its interaction with the fluid flow. Parametric studies are also conducted to investigate the velocity and temperature distribution around the electrode in initially static air to have a better understanding of the momentum coupling between the plasma actuator and the fluid flow.
Numerical model
In this work the weakly ionized air is modeled as a four-fluid mixture: neutral molecules, electrons, positive and negative ions. The last three ions are denoted by the subscripts e, + and −, respectively.
The following set of continuity equations for the charged particles [25, 26] is used to describe the discharge progress: (the nomenclature can be found in Table 1 )
The Poisson equation for the potential ϕ: In Eqs. (3)- (7), α is the first Townsend ionization coefficient taken from Ref. [27] . The electron-ion dissociative recombination rate coefficient used in this work is:
The ion-ion recombination rate coefficient is defined as:
The electron mobility is obtained from the following definition [27] :
where v m is the momentum transfer collision frequency.
The approximate values of mobility for both positive and negative ions are:
The diffusion coefficients are determined by the Einstein relation:
The three-body attachment processes and their rates considered in this study are:
The attachment rate can be calculated as
where the N O2 , N N2 are the densities of oxygen and nitrogen respectively.
The flow solver
Implementation is done in the context of commercial CFD-software Fluent, by using the User-Defined Scalar transport equations (UDS). The obtained electric force from plasma simulation will be employed as a local body force term F in the Navier-Stokes equation.
The Macros of UDS used in this study is:
DEFIEN SOURCE(name, c, t, dS, eqn) (20) As shown in Fig. 2 , the fluid domain is 20 mm× 60 mm, the dielectric domain is 5 mm× 25 mm. The electrode thickness is 0.05 mm, and the length of the upper electrode and the covered electrode are 10 mm and 16 mm, respectively. The smallest mesh size is on the dielectric surface and is 4.5× 10 −9 mm. The mesh is non-uniform and the number of mesh elements is 450,000. 
Boundary conditions
The boundary conditions used in this work can be found in Fig. 3 . For the Poisson equation, the constant voltage of ϕ=0 and ϕ = ϕ 0 are applied on the covered and exposed electrodes, respectively. The velocity of U =0 is used as the initial condition in the fluid domain. The characteristic timescale for an energy equilibration under a changing electric field at atmospheric pressure is 10 −11 s [28] . Only the time-averaged influence is investigated in this study. In the following discussion we will analyze the timeaveraged resulting force in streamwise and normal directions in detail. The plasma actuator is driven by the applied voltage ϕ 0 =5 kV and is placed in an initially static air.
In Fig 4 , the obtained flow field is compared with the flow field reported by Li [29] . It is clear that the overall flow field of the numerical simulation agrees well with that obtained in the experiment. The experimental results show slightly curved streamlines in the recirculation area. The numerical jet thickness is even thicker. It is difficult to obtain an exactly similar streamline pattern in simulation. However, the most important flow area (the synthetic jet) is captured well. The plasma actuator attracts the flow from the surrounding area and pushes it as a jet from the exposed electrode to the covered.
(a) Experimental result [29] (b) Numerical result Fig.4 Comparison between simulated and experimental flow fields
The distribution of the net density of different species ρ c (i.e. n + − n − − n e ) is shown in Fig. 5 . It is apparent that ρ c is just accumulated near the dielectric surface where the stronger electric field is located (refer to Fig. 6 ). In Fig. 6 , it can be clearly found that E x is concentrated in the area where the largest gradient of elec-tric potential is located. Components of electric field on the actuator surface indicate the direction of the thrust. The force distribution is shown in Fig. 7 . It is the product of the net charge and the local electric field strength. It can be observed that the x-component of the electric force density (F ex ) is predominantly positive downstream from the exposed electrode. This means that the x-momentum transfer here would push particles away from the exposed electrode in the x-direction. However, the y-component of electric force density (F ey ) remains positive above the exposed electrode but negative downstream from the exposed electrode, which would make the particle move away from the exposed electrode but stick to the dielectric surface.
To have a better understanding about the effect of the plasma in various regions around the actuator, the flow parameters at different stations are discussed. (In Fig. 8 , Line 1: y=0.1 mm, Line 2: y=0.025 mm).
In Fig. 9 , the electric forces on Line 1 and Line 2 are presented. The electric force reaches its peak value at x=10.0 mm which corresponds to the downstream side of the exposed electrode. The F ey is positive in the region of x < 10.0 mm and then turns to be negative in x > 10.0 mm, which coincides well with the results shown in Fig. 7 . Additionally, due to the rapid decay of the electric potential from the electrodes, the electric force intensity is almost negligible in the region of x < 9.6 mm and x > 10.6 mm. 
Induced flow
To obtain the effect of the plasma on the flow field, the distribution of the velocity and streamlines pattern are discussed in the following. Fig. 10 shows that the surrounding fluid is pushed as a jet from the exposed to the covered electrode direction by the actuator. The wall jet ranges from the dielectric surface to y=1 mm away from wall. The largest velocity appears near the wall downstream from the exposed electrode.
It is worth mentioning that compared with Fig. 7 , the electric force has a positive component in the normal direction, but the induced flow is attracted to the dielectric wall above the exposed electrode. So the judgment should not be simply made to define the direction of the induced flow around the actuator just by the vector component of the electric force. The electric force near the dielectric surface has an effective influence on the induced flow which would draw the fluid downstream away from the exposed electrode. The influence of the plasma on the flow can be well described by the velocity profiles at various locations (X1-X5) shown in Fig. 11 . The maximum value of the velocity at different locations is represented by U max with ∆δ denoting its distance from the dielectric surface. At X1, the U max , and ∆δ have the smallest value, then increase at X2. The peak value of U max , is approximately 3.6 m/s at X3 with ∆δ=0.1 mm. Thereafter, as the jet is dissipated by the vicious effect, U max decreases and the jet shifts away from the dielectric surface. The flow parameters on Line 1 and Line 2 are given in Fig. 12 . It can be noticed that the static and total pressures exhibit the same variation trend. They all begin to decrease from the right edge of the exposed electrode and reduce to their minimum values. Then they show a sharp increase until the electrostatic force falls away gradually. They turn out to be a constant value in the end. The loss of the total pressure at first indicates that the work done by the electric force here cannot cover the dissipation caused by the friction force and the flow separation shown in Fig. 13 . Only when enough energy produced by the electric force is added to the flow would the static pressure and the total pressure rise. And it is also the same for the change of velocity, as shown in Fig. 12 . In addition, the effect of the applied voltage on the induced flow is studied for ϕ 0 =1 kV, 3 kV, 5 kV. The contour of the velocity and streamlines are shown in Fig. 14, Fig. 15 and Fig. 10 , respectively. It is observed that with changing applied voltage, the patterns of streamlines in these cases are almost the same. The flow is attracted and then develops into a jet downstream from the exposed electrode. In the lower applied voltage case, the maximum induced velocity is smaller and the wall jet dissipates faster, thus the distance between the jet and the dielectric surface increases correspondingly.
The maximum induced velocity at different voltage is shown in Fig. 16 . In the case of ϕ 0 =1 kV, U max is about 0.005 m/s. When a voltage of ϕ 0 =3 kV is applied, U max is shown to be approximately 0.4 m/s. For the operating voltages applied, the maximum induced velocity is found to follow a power law of U max ∼ ϕ 3.5 0 , and it agrees with the relation found in the literature [30] .
Heat transfer
In recent years, studies have been conducted to understand the mechanism for generating discharge and its effect on the flow. But it is still uncertain that whether the change of temperature field during the discharge at atmospheric pressures should make a contribution to the flow field. An ambient air temperature rise of 2
• C was found at 1 mm from the electrode by Jukes [31] , which indicates that the flow is not buoyancy driven. In the study of Li [29] , the influence of temperature would lead to a 30% rise in the maximum induced velocity.
In the above part of this paper, the effect of heat transfer on the induced jet is not taken into account. To investigate the influence of heat transfer on the flow field, the heat produced by the actuator is coupled into the N-S equations as an energy source in the following.
According to the Joule Law, the heat Q e can be calculated by Q e = I 2 R. Here, the current I can be obtained by:
And the conductivity σ is:
Then the resistance R = 1/σ.
Therefore, by coupling heat Q e into the governing equations as a source term, the effect of heat transfer on the induced flow can be investigated.
In Fig. 17 , the heat added to the flow field around the actuator is presented. It can be found that the heat is concentrated in the region downstream from the exposed electrode, and the maximum value is approximately 6.0×10 6 W/m 3 . But the influence of the heat transfer is limited in a small region. Compared with the temperature distribution without the effect of heat transfer shown in Fig. 18(b) , an noticeable ambient air temperature rise around the electrode is observed in Fig. 18(a) when the heat transfer is considered. However, a similar flow pattern and velocity distribution are obtained for the two cases shown in Fig. 19 . Moreover, the induced velocity profiles are almost the same at X2, as shown in Fig. 20 . In conclusion, the Joule heat added by the plasma results in a slightly higher temperature in the region near the electrode, but this limited heat addition shows no noticeable influence on the flow field. Thus it is unlikely that the induced flow is buoyancy driven. 
Conclusions
In this work, numerical studies were conducted to explore the evolution of the plasma discharge and its interaction with the fluid flow based on a fluid model. The result shows that:
The net charge is just accumulated in the region near the dielectric surface which is characterized by a strong electric field. Thus the flow would be drawn toward the wall and accelerated along the dielectric surface from the edge of the exposed electrode toward the far end of the covered electrode, thereby resulting in a wall jet.
The temperature distribution indicates that although the ambient air temperature rises slightly around the electrode by the plasma, the velocity is almost not affected by the joule heat. Therefore it is unlikely that the induced flow is buoyancy driven.
For the operating voltages considered in this paper, the maximum induced velocity is found to follow a power law, i.e., it is proportional from the applied voltage to the 3.5 power. This promises an effective application in the flow control with plasma actuators.
